We investigate the scope of the LHC in probing the parameter space of a 4-site model supplemented by one composite Higgs state, assuming all past, current and future energy and luminosity stages of the CERN machine. We concentrate on the yield of charged di-boson production giving two opposite-charge different-flavour leptons and missing (transverse) energy, i.e., events induced via the subprocess qq → e + ν e µ −ν µ + c.c., which enables the production in the intermediate step of all additional neutral and charged gauge bosons belonging to the spectrum of this model, some of which in resonant topologies. We find this channel accessible over the background at all LHC configurations after a dedicated cut-based analysis. We finally compare the yield of the di-boson mode to that of Drell-Yan processes and establish that they have complementary strengths, one covering regions of parameter space precluded to the others and vice versa.
I. INTRODUCTION
A strong Electro-Weak (EW) sector is expected to produce a variety of bound states including particles of spin zero and spin one, like the σ, the ρ and the a 1 emerging from quark states within Quantum Chromo-Dynamics (QCD). Just like in QCD, the phenomenology below the scale of the strong EW interactions producing similar resonances can be studied in terms of an effective Lagrangian containing these additional degrees of freedom, based on the observed symmetries of the EW sector. Effective terms adding to the chiral Lagrangian just a simple scalar state or a scalar and a vector state have been recently suggested [1, 2, 3, 4] . These formulations are useful because they allow for a general parameterisation of the (strongly) broken symmetry of the EW sector. These new resonances also appear in fivedimensional extensions of the Standard Model (SM) as Kaluza-Klein (KK) excitations of the SM gauge bosons [5, 6, 7, 8, 9, 10] . When deconstructed [11, 12, 13, 14, 15, 16, 17, 18, 19] these theories emerge as gauge theories with extended SU(2) symmetries. Simple fourdimensional models, like the 3-site [20] , the 4-site [21] and the effective composite Higgs model [22] can be used to characterise the main features of the emerging phenomenology.
In its original formulation, the 4-site model describes in an effective way the interactions of extra spin-one resonances as gauge fields of a SU(2) ⊗ SU(2) extra gauge group. They can be thought of as the first KK excitations emerging from a five-dimensional formulation, and, due to the Anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence, they are composite states of a strong dynamics also responsible for the breaking of the EW symmetry. As stated before, a strong EW sector is expected to produce also new scalar and fermion particles as bound states. In this note we consider the inclusion of a new scalar field, singlet under the gauge group, in order to reproduce in our effective description, the scalar particle recently detected by the ATLAS and CMS experiments at the Large Hadron Collider (LHC) [23, 24] . The couplings of our composite Higgs particle to the SM and extra gauge bosons are free parameters for which we will derive bounds due to the EW precision tests and the present LHC measurements, as well as theoretical constraints enforced by perturbative unitarity requirement.
It is the purpose of this paper to investigate, in the context of the 4-site model with one composite Higgs state, the phenomenology of charged di-boson production at the LHC, yielding opposite-charge different-flavour lepton pairs and missing transverse energy, i.e., the process pp(qq) 
where, however, having fixed m h = 125 GeV (to account for the recent LHC results), implies that the charged gauge bosons produced in intermediate stages can only be the SM ones.
In performing our analysis, we will take into account experimental constraints from EW Precision Test (EWPT) data produced at LEP, SLC and Tevatron as well as experimental limits from direct searches of Higgs (as mentioned) and new gauge bosons performed at
Tevatron and LHC via Drell-Yan (DY) channels. In the attempt to extract a signal of the model, we will focus our attention to all energy and luminosity stages covered already or still foreseen for the CERN machine. Ultimately, we will want to contrast the discovery potential of the LHC of charged di-boson production events with that of DY events, building on previous studies of some of us.
The plan of the paper is as follows. In the next section we recall the details of the construction of the 4-site model and its relation with the general effective description of vector and axial-vector resonances. In this framework, the inclusion of a singlet composite scalar state is straightforward. We then describe the parameter space of the model and derive both theoretical and experimental bounds constraining it. Sect. III will instead be devoted to describe the production and decay dynamics of processes (1)- (2), eventually extracting from these exclusion and evidence/discovery limits over the surviving parameter space. A final section will be devoted to summarise our work and conclude on the comparison of the relative yields of DY and di-boson processes.
II. THE 4-SITE MODEL WITH A SINGLET COMPOSITE SCALAR STATE
The 4-site model is a moose model based on the SU(2) L ⊗SU(2) 1 ⊗SU(2) 2 ⊗U(1) Y gauge symmetry and contains three non-linear σ-model fields interacting with the gauge fields, which trigger spontaneous EW Symmetry Breaking (EWSB). Its construction is presented in [21] while some of its phenomenological consequences are analysed in [25, 26, 27, 28] .
In order to extend the 4-site model to include a new singlet scalar field, let us start by briefly reviewing its relation with the general SU(2) L ⊗ SU(2) R invariant Lagrangian describing vector and axial-vector resonances. Vector and axial-vector resonances, interacting with the SM gauge vector bosons, can be introduced as in [29] , by assuming, in addition to the standard global symmetry SU(2) L ⊗ SU(2) R , a local symmetry SU(2) for each new vector resonance. This symmetry group G ⊗ H, with
spontaneously broken down to the custodial SU (2) . Further, we can add to this sector a singlet under the symmetry describing a possible composite Higgs state.
The methods to construct such a Lagrangian are the standard ones used to build up nonlinear realisations (see Refs. [30, 31, 32] ). The necessary Goldstone bosons are described by three independent SU(2) elements: L, R and M, whose transformation properties with respect to G ⊗ H are the following
where g L,R ∈ G and h L,R ∈ H. These properties are very reminiscent of the linear moose field transformations [33] . Beside the invariance under G ⊗ H, we will also require an invariance under the following discrete left-right symmetry, denoted by P , L ↔ R, M ↔ M † , which ensures that the low-energy theory is parity conserving.
The vector and axial-vector resonances are introduced as linear combinations of the gauge particles associated to the local group H. The most general G ⊗ H ⊗ P invariant Lagrangian is given by [29] 
where
with
.
Let us now include a scalar field h, singlet under the group G⊗H ⊗P . For the moment we will not be interested in the self-couplings of this field h, and we will consider only interaction terms with the vector fields linear or quadratic in h. The inclusion of a composite Higgs state was already considered for the general vector and axial-vector model in [34] . Here we specialize it in the context of the 4-site model.
The inclusion of a singlet h, by taking into account only dimension-four operators, is straightforward:
In principle, one could also add dimension-five operators modifying the coupling of the singlet to a pair of gauge bosons and also Yukawa terms c f m f /vf f h which could modify the h production and decay properties. More generally one could introduce a singlet field ρ i for each chiral field Σ i as in [35] . We expect the masses of the two heaviest singlets to be related to the scale of the new vector bosons while the scale of the lightest one to the Fermi scale. In our present analysis we however concentrate on the case of only one Higgs state being present in the model spectrum.
A. Parameter space
In the unitary gauge, the 4-site model predicts two new triplets of gauge bosons, which acquire mass through the same non-linear symmetry breaking mechanism giving mass to the SM gauge bosons. Let us denote with W ± iµ and Z iµ (i = 1, 2) the four charged and two neutral heavy resonances appearing as a consequence of the gauge group extension, and with W ± µ , Z µ and A µ the SM gauge bosons. Owing to its gauge structure, the 4-site model a priori contains seven free parameters: the SU(2) L ⊗ U(1) Y gauge couplings,g andg ′ , the extra SU(2) 1,2 gauge couplings that we assume to be equal, g 2 = g 1 , due to the P symmetry, the bare masses of lighter (W ± 1 , Z 1 ) and heavier (W ± 2 , Z 2 ) gauge boson triplets, M 1,2 , and their bare direct couplings to SM fermions, b 1,2 , as described in [21, 36] . However, their number can be reduced to four, by fixing the gauge couplingsg,g ′ , g 1 in terms of the three SM input parameters e, G F , M Z , which denote electric charge, Fermi constant and Z boson mass, respectively. As a result, the parameter space is completely defined by four independent free parameters, which one can choose to be: M 1 , z, b 1 and b 2 , where z = M 1 /M 2 is the ratio between the bare masses. In terms of these four parameters, physical masses and couplings of the extra gauge bosons to ordinary matter can be obtained via a complete numerical algorithm. This is one of the main results of [26] , where this computation was described at length, so we refer the reader to it for further details. The outcome is the ability to reliably and accurately describe the full parameter space of the 4-site model even in regions of low mass and high z where previously used approximations would fail. In the following, we choose to describe the full parameter space via the physical observables:
other than z (which, as shown in [26] , is a good approximation of the ratio between physical In terms of the above quantities, the Lagrangian describing the interaction between gauge bosons and fermions has the following expression:
for the neutral and charged gauge sector, respectively. In the above formulae, ψ denotes generally SM quarks and leptons. These expressions will be used later on, when discussing production and decay of the extra gauge bosons.
Before performing any meaningful analysis, it is mandatory to evaluate the ensuing theoretical and experimental constraints on the parameter space of the model, which we are going to do in the next two subsections.
B. Theoretical constraints
One of the effects of including a scalar singlet in the 4-site model is a modification of the perturbative unitarity bounds acting in this scenario, which were derived in [21] , where the equivalence theorem was used in order to relate, at high energy, the gauge boson scattering amplitudes to the corresponding Goldstone ones. Using
where π are the Goldstones representing longitudinal W 's and Z's, we get a coupling of the scalar h boson to the π given by:
By following the analysis in [21] , the ππ scattering amplitude, for s ≫ M 
Herein (18) , and b is given in (14) . By considering the zero-isospin partial wave matrix element for all the amplitudes with SM longitudinal gauge bosons as external states and imposing the unitarity bound |a 0 | < 1 for the maximum eigenvalue, we get the result shown by the curves in Fig. 1 . The maximum energy scale, up to which perturbative unitarity can be delayed, depends on z and a, which is related to the coupling of the h scalar particle to the longitudinal W 's (a = 1 for a SM Higgs). In Fig. 1 in particular we show the limits for the four z values chosen for our forthcoming phenomenological study. The 4-site model has in addition two vector-boson triplets with, potentially, bad behaving longitudinal scattering amplitudes, so one has to require a fully perturbative regime for all involved particles. The unitarity limit must thus be extended, in order to ensure a good high energy behaviour for all scattering amplitudes, i.e., with both SM and extra gauge bosons as external states. However, since in the following analysis we are interested in a mass range for M 1,2 below 2 TeV, we are on the safe side concerning the unitarity bound limits.
C. Experimental constraints
Universal EW radiative corrections to the precision observables measured by LEP, SLC
and Tevatron experiments can be efficiently quantified in terms of three parameters: ǫ 1 , ǫ 2 , and ǫ 3 (or S, T , and U) [37, 38, 39, 40] . Besides these SM contributions, the ǫ i (i = 1, 2, 3)
parameters also allow one to describe the low-energy effects of potential heavy-mass new physics. For that reason, they are a powerful method to constrain theories beyond the SM.
Besides the indirect effects, in this section we will also derive bounds from direct searches of the extra gauge bosons at Tevatron and LHC and from the new measurements at the LHC of the decay rates of the Higgs boson. Lets start with the latter.
Constraints from Higgs sector measurements
As we have noticed, the composite Higgs sector can be parametrized using z, a h and c h :
these parameters are bounded from recent measurements performed at the LHC [23, 24] . In our analysis, which is very preliminary, just like these LHC data are, we have used the results extracted from the rates of the processes H → γγ, ZZ, W W [41, 42] , to get bounds on the parameter plane (a h , c h ). In our model, the loop contribution to the di-photon decay mode of the Higgs boson has additional components from the loops of W 1 and W 2 . Therefore, we have to re-evaluate the rate for pp → h → γγ in presence of the latter and compare its value against experimental limits, while at the same time ensure that the rates for pp → h → ZZ and W W also remain consistent with experiment. We list here the couplings of the singlet h state to the charged gauge bosons of our model:
The results are summarised in Fig. 2 for the four chosen values of z. Besides these bounds, one has also to take into account that contraints on the plane (a, c f ) are already available, so that a cannot be very different from 1, depending on c f [43, 44, 45, 46, 47] (in our present analysis we assume c f = 1).
Moreover, if a = 1 one has to add additional model contributions to the S and T parameters. The contributions from a non-standard scalar sector can be summarised through additional terms entering the expression for ǫ 1 and ǫ 3 :
In order to minimise these extra contributes to the S and T parameters, we will choose values of a h and c h , inside the allowed regions of Fig. 2 scalar contribution is quite large, instead for z = 0.95 it is very marginal.
Constraints from EWPTs
In [26] , a complete numerical calculation of all ǫ i (i = 1, 2, 3) parameters at tree level in This analysis can be straightforwardly applied to the model at hand with a singlet scalar h included, by adding the corresponding contributions in (26) , with the numerical choices of Tab. I and Λ = 3 TeV, to the SM values evaluated for m H = 125 GeV.
In Fig. 3 The allowed regions are delimited by the curves.
EWPTs. As one can see, its value depends on the z parameter and can range between 300 and 500 GeV. In the right panel of Fig. 3 the same bounds are shown in the plane
Constraints from gauge sector measurements
In the remainder of this section we perform a brief review of the experimental bounds on the 4-site model coming from direct searches of W ′ and Z ′ bosons via DY channels into leptons. Clearly, in the latter (and limited to the neutral DY process), there cannot be any perceptible contribution due to the additional Higgs scalar present in our model, as the latter couples negligibly to both the initial state quarks and the final state leptons.
We have considered the last published results from ATLAS and CMS at LHC at 7 TeV So far we have reported experimental limits from DY direct searches based on currently available data. However, the ultimate goal of our analysis is to compare the scope of the LHC at all its energy and luminosity stages in accessing the parameter space of our model in either DY processes or the charged di-boson mode, for which there are currently no direct limits (on the cross section or else). So, we are bound in the remainder of the paper, in order to compare their relative yield, to use simulated data. Clearly, to be confident that we are accurately repeating the salient features of a proper experimental analysis, we must compare the limits that we obtain by using simulated data with those extracted from the real ones. We can of course do so only in the case of the DY modes.
We proceed then as follows. Taking exclusion, for example, we consider the bounds on the parameter space requiring a statistical significance lower than 2, which means:
where T and B are, respectively, the total and the expected (from background) numbers of events. However, applying this method to simulated data gives different results from those obtained by the experiments (we are assuming the same acceptance and selection cuts, albeit at the parton level), in particular, the theoretical approach gives more stringent bounds. This is due to the fact that we consider the full cross section, without including any kind of experimental efficiency to detect the final state over the volume defined by our cuts, so that our number of events is higher than the experimental one, and so in turn the cross section and the statistical significances are larger. We note however that, if we consider an efficiency between 50% and 30%, decreasing with the mass of the resonance entering the DY mode, then we reproduce quite well the experimental bounds. In Fig. 5 we show the two different limits, including also the mentioned efficiency for the theoretical ones. The consistency between the two is excellent. Therefore, we feel confident that to adopt these efficiency measures will enable us to reproduce accurately the eventual experimental findings assuming data sets that are not currently available. We will proceed in the same way for the case of di-boson events as well, after all the efficiency values above are essentially extracted as an average between rates applicable to pairs of electron and muon separately (from DY), whereas for di-boson events we are looking at one electron-muon pair. Only addition that we ought to account for in the latter case is to estimate the efficiency to detect the missing transverse energy, who does not enter in the former case. We estimate this to be 70% and mass independent [49] . 
III. DI-BOSON PRODUCTION AND DECAY
We describe in this section the phenomenology of process (1), hereafter sometimes referred to for simplicity as eµ + 2ν production, from the point of view of both its production and decay dynamics.
A. Decay phenomenology
Here we summarise the decay properties, i. [50] , no mass spectrum inversion is possible. The mass
, is always positive and its size depends on the free z parameter. Here is an approximate relation, which works though for M 1 > 400 GeV and z < 0.9:
The above eq. (28) be accounted for in the ensuing numerical analysis.
B. Production phenomenology
The codes exploited for our study of the LHC signatures are based on helicity amplitudes, defined through either the PHACT module [51] or the HELAS subroutines [52] , the latter assembled by means of MadGraph [53] . The two independent subroutines were validated against each other. Further, the scattering amplitude for gg → W W → eµ+2ν, i.e., di-boson production via an s-channel scalar resonance, was extracted from the codes used in [54] .
Two different phase space implementations were also adopted, an 'ad-hoc one' (eventually used for event generation) and a 'blind one' based on RAMBO [55] , again checked one against the other. VEGAS [56] was eventually used for the multi-dimensional numerical integrations. The Matrix Elements (MEs) always account for all off-shellness effects of the particles involved and were constructed starting from the topologies in Fig. 7 , wherein the labels Z and W refer to any possible combination of gauge bosons in our model. The Parton Distribution Functions (PDFs) used were CTEQ5L [57] , with factorisation/renormalisation scale set to Q = µ = √ŝ . Initial state quarks have been taken as massless, just like the final state leptons and neutrinos.
To calculate the cross section at the LHC for our model in the charged di-boson channel we consider three different set of cuts: a 'standard cuts' scenario, a 'soft cuts' scenario and a 'hard cuts' scenario.
Standard Cuts (St) (some are inspired by Ref. [58] ):
• M ll > 180 GeV (to avoid main SM contributions from the Z and W W peaks: notice that this cut is in fact hard-coded in our event generation)
• |η l | < 3 (this is a standard acceptance cut)
• p T (l) > 20 GeV (this is also a standard acceptance cut)
• E miss T > 50 GeV (see Fig. 8 )
• cos φ T ll < −0.5 (see Fig. 9 )
• cos θ ll < 0 (see Fig. 9) where M 2 ll = (p e + p µ ) 2 is the invariant mass of the couple of charged leptons, η l is the pseudo-rapidity of the charged leptons, p T (l) is the transverse momentum of the charged leptons, E miss T is the missing transverse energy, defined as
Further, cos φ T ll < −0.5 is the cosine between the two leptons in the transverse plane whereas cos θ ll is the cosine between the two leptons. These are standard cuts, useful for a general purpose search.
Soft Cuts (So):
• M ll > 180 GeV
• |η l | < 2 (to exclude the regions where the difference with the SM is small) Fig. 8 )
• cos θ ll < 0 where P max T (l) = max(P T (e), P T (µ)). These cuts are studied to further suppress the SM, leaving however not too small a signal cross section.
Hard Cuts (Ha):
• cos θ ll < 0 which represent a general tightening of (some of) the previous ones, at a further cost to the signal. We will be using one or more of such cut combinations to explore the parameter space of our model, via di-boson production, after the preliminary exercise of displaying typical cross sections (both inclusive and exclusive) for it. For the case of DY processes, we instead refer the reader to Refs. [21, 25, 27, 28, 36] .
C. Distributions
Before exploring the full parameter space it is useful to consider some total rates and differential distributions for process (1) , in a such way to understand the relevant new contributions to the cross section. (Incidentally, we ought to notice at this point that process (2), despite giving fully inclusive production cross sections of order tens of fb at all energy stages of the CERN machine, after any of the above sets of cuts is applied, turns out to fall under observability limits for all considered luminosities, so that we neglect considering it further in our analysis.) In Fig. 8 we consider M 1 = 1 TeV and the maximal allowed value for a W 1 for z = 0.8 (see Fig. 3 ), and we display four relevant observables (we use the So cuts here). Herein, in order to better understand the role of the single neutral resonances in schannel, we show also the contribution from the Z 1 and Z 2 resonances separately. It is quite clear that the second resonance (Z 2 ) is almost invisible and does not contribute to the total cross section. This is due to the fact that the trilinear gauge vertex (Z 2 W W ) is strongly suppressed due to the axial characteristics of the Z 2 state, so the only visible resonance is the lighter one. Remarkably, this is a completely different scenario from the DY one, in which the heavy state contribution to DY in both the Charged Current (CC) and Neutral Current (NC) case is the dominant one and often (especially in the former case) covers also the signal of the lighter one. This fact renders the di-boson channel a very valuable process to exploit in order to complement the scope of the DY one, so that both modes can be taken together to effectively cooperate in allowing one to see the typical multi-resonance structure of the gauge sector of the 4-site model. In addition to observables already introduced when defining the cuts, we also use the following additional ones:
which were not adopted for the final selections, yet they show some sizable differences between signal and background. In Fig. 9 we present the angular distributions used for our selection cuts, for the purpose of motivating the latter (the behaviour of the curves established towards the right end of the angular intervals plotted is maintained beyond it too). Finally, in Fig. 10 we show the same relevant observables of The red-solid curve represents the full 4-site model, the green-dashed(blue-dotted) curve represents the Z 1 (Z 2 ) contribution alone and the black-dotted-dashed curve is the SM. So cuts were applied.
S, defined as in eq. (27) , considering a luminosity of 10 fb −1 . Here, we note that, for almost all masses and z values considered, the So cuts allow for the largest statistical significances.
Therefore, we decided to use the So cuts to explore the full parameter space of the 4-site model with larger data samples, in particular, we consider both the actual (8 TeV with 5 fb −1 ) and future (8 and 14 TeV with 15 fb −1 ) LHC scenarios. In Tabs. X-XIII are listed the ensuing cross sections and statistical significances.
E. Exclusion and discovery bounds
In this section we compute the actual bounds from the LHC on the 4-site model in considering di-boson production, and we contrast them to the corresponding figures obtained via (both CC and NC) DY processes. As explained before, we apply the efficiency on reconstructing the two charged leptons as extracted from the DY channels, supplemented by an additional efficiency on the missing energy, and we remind the reader that we made are showed in Fig. 11 whilst those for the discovery regions are found in Fig. 12 . As we can see from these figures, a large part of the parameter space will be explored from the LHC in the next few years, excluding or discovering the 4-site model, using the di-boson channel alone.
Finally, in Fig. 13 we perform a comparison (using the aforementioned efficiencies) between the di-boson and the DY channels, in exclusion limits only, for the LHC at 8 and mode is more efficient, both at low and high values of the W 1 mass, with respect to the DY channels, and this is due to the fact that the trilinear vertex Z 1 W W is of the same magnitude as the SM coupling ZW W and, moreover, upon the couplings to the fermions, but only on z and M 1 , so that the di-boson mode can help exploring also the low coupling region. As we can see from these figures, except for the region of very small a W 1 couplings and masses above 1 TeV, the rest of the parameter space which has survived experimental constraints will be explored from the LHC in the next few years, excluding or discovering the 4-site model, by synergistically exploiting both the DY and di-boson channels.
In closing, we should also emphasise that, for reason of space, we have illustrated the scope of DY and di-boson production and decay in setting bounds on our model only limitedly to the case of the charged sector, i.e., over the (M W 1 , α W 1 ) plane. We can however confirm that a similar pattern can be established in the case of the neutral one as well. i.e., over the intermediate stage of charged W -boson pairs being produced in all combinations possible in our scenario. We then contrasted the yield of this mode with results obtained from both CC and NC DY processes. In both cases we exploited dedicated parton-level analyses based on acceptance and selection cuts specifically designed to exalt the complementary role that these two channels can have at the CERN machine in constraining or revealing our EWSB scenario. Specifically, we have come to the following key conclusions.
• DY channels are mostly sensitive to the second gauge boson resonance (W 2 in CC and Z 2 in NC) whilst charged di-boson production is mostly sensitive to the lightest states, i.e., W 1 and Z 1 , all produced in resonant topologies occurring in either subprocess.
Therefore, the exploitation of this synergy will eventually enable one to elucidate the full gauge boson spectrum and its dynamics in the context of our scenario.
• The di-boson channel, which is entirely new to this study, further offers an advantage over the DY modes, in the sense that it enables one to explore small couplings of the new gauge bosons to the SM fermions, in virtue of the fact that the overall rate of this process is dependent upon trilinear gauge boson self-couplings which can be very large per se and are further onset in resonant topologies.
Benchmark points of the model under consideration amenable to phenomenogical investigation have been defined and their efficacy in probing different regions of parameter space was emphasised by adopting all past, current and future setups of the CERN machine.
Finally, a set of numerical tools enabling the accurate prediction of the model spectrum as well as the fast event generation (of both signal and background) in fully differential form have been produced and are available upon request.
